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Abstract
Bone studies can be made in vivo or in vitro.  However, 
disadvantages of both traditional techniques call for a 
compromise between the two.  Reverse engineering allows in 
vitro bone samples to be simulated and analysed in a virtual in 
vivo environment thus offering a middle ground solution and 
a sound foundation on which biomechanical studies of bone 
could develop.  
The information derived from the solution of a virtual finite 
element model, in conjunction with a concrete understanding of 
the pathophysiology of bone and abnormal skeletal development 
grants the opportunity for engineering solutions to be applied 
to skeletal structures in order to predict/prevent fractures and 
facilitate procedures in orthopedic surgery.1  
Introduction
Statistics
Epidemiological studies indicate an unprecedented rise in 
vertebral column fracture with quoted rates of vertebral body 
compression fracture ranging from 25% - 50%.2 Furthermore, it 
is not always appreciated that vertebral fractures are associated 
with 28% mortality over 5 years.3
Bone density measurements appear to have only a moderate 
correlation with vertebral body fractures. In the NORA study, 
50% of postmenopausal women who developed a vertebral 
body fracture were osteopenic rather than osteoporotic.4 
Furthermore, fracture intervention studies such as the VERT, 
FIT and MORE studies, indicate that the fracture reduction 
attributable to the increases in bone density ranges from only 
4% - 28%.5-7
In vitro and in vivo tests conducted on bone samples help 
experts to understand such statistics by analyzing the variables 
related to bone strength and function. 
Experiments
In vitro experiments are responsible for most of the 
information on bone and cartilage cell interactions at hand. The 
material properties and structure of tissue are best investigated 
through dissection and only after this data is recorded could 
mechanical computations be conducted on the sample. In vitro 
testing requires the sample tissue to be prepared beforehand. 
This ‘cleaning’ process is known to affect the empirical results. 
Consequently, results from studies of similar bones through 
alternative procedures would vary. Observed responses of in 
vitro experiments may not reflect the actual in vivo analysis 
since the environmental factors differ.
The measurement and testing of biological tissue could 
be conducted in an alternative way. In vivo experiments have 
only been recently developed and are conducted with the aid of 
scanned images. In contrast to in vitro tests, they are more suited 
to deduce the mechanisms of action of biological components. 
However, a limited control over the variables could confound 
the experiment leading to ambiguous or unreliable results.8  
Computed Tomography (CT), Magnetic Resonance Imaging 
(MRI) and Dual Energy X-ray Absorptiometry (DEXA) scans 
are used to conduct in vivo studies.9 The choice of scan depends 
on various factors such as the quality or resolution of the image 
required and the type of tissue under test.
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By acknowledging the difficulty to compile the required data 
for the study and correctly interpreting the results from in vivo 
testing and by being aware of the obstacles to conduct an in 
vitro analysis, one can appreciate that a compromise between 
the two would be ideal.  Such a compromise can be attained 
through Reverse Engineering (RE).  
Definition
RE is the process of discovering the technological properties 
of any object or a system by analyzing its structure, function 
and operation. 
It presents us with an alternative approach to the two 
traditional measurement and testing procedures, comprising 
a computer simulation of the tissue, using the in vitro sample 
to define the bone geometry and simulating the virtual image 
in an in vivo environment.   The in vitro geometry could be 
captured through CT, MRI or three-dimensional (3D) laser 
scanning techniques.  
By reverse-engineering a human lumbar vertebra, one can 
appreciate its clever architecture and the effect of the tissue’s 
anisotropic material properties on load-bearing capabilities 
(anisotropy is the property of being directionally dependant). 
An investigation of the strain (deformation of the bone) and 
stress (force causing deformation) contours induced in the 
specimen under loading helps identifies areas more susceptible 
to fracture. 
(a)            (b)                       (c)
Figure 1: Photo of the old in vitro L3 vertebra sample 
(a) Top view (b) Anterior (c) Side
(a)
(c) (d)
(b)
Figure 2: Varying resolution scans (a) Pedicles, Superior 
articular facets and Mamillary processes; (b) Vertebral 
body; (c) Lamina and Superior articular processes; 
(d) Inferior articular process and facets
Rotary scan Circum pitch & height-dir pitch
Vertebral body    10 degrees & 2.5400 mm
Lamina, 
Superior articular processes   5 degrees & 11.9380 mm
Planar scan Width-dir pitch & height-dir pitch
Pedicles, Superior articular facets 
and Mamillary processes 0.6096 & 0.6096 mm
Inferior articular process 
and facets 0.6096 & 0.6096 mm
Table 1: Varying resolution scan settings
Figure 3: 
Superimposed 
scanned data
Figure 4: 
Reconstructed 
L3 Shell
Method
With an increase in the popularity of Computer-Aided 
Design (CAD) it is common to reverse-engineer objects or 
systems through 3D virtual models.10, 11 The virtual geometry 
can be obtained using several scanning techniques; namely CT, 
MRI or 3D laser methods.  
The third lumbar vertebra (L3) sample available (Figure 1) 
was scanned using the latter technique employing the Spot 
Beam Triangulation scanning method since no other alternative 
was available.  
Despite the scanner’s inaccuracy and the disadvantage of 
scanning a deteriorated specimen, the simple 3D laser scanner 
was readily available and although not as sophisticated and 
efficient as MRI or CT equipment, the in vitro geometric data 
recorded proved to be satisfactory.  In addition to this, unlike 
DICOM data extracted from CT or MRI scanning methods, the 
laser scanner writes the geometric data to an IGES file; the 
only exchange format compatible with the licensed software 
available.12 Such a file format would facilitate data exchange 
between software applications considerably.  
Complex geometry, such as that of the vertebrae, imposed 
problems with this laser alternative.  Since the laser light does 
not slice or penetrate the tissue, not all points at the surface were 
targeted.  Such blind spots, such as the walls of the vertebral 
foramen, provided a bulk of missing data, which was difficult to 
remodel manually due to its original complex profile.  
The data was captured from four perspectives (Figure 2) 
using three resolutions, depending on the complexity of the bone 
surface (Table 1).  The top and bottom faces of the vertebra were 
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omitted since these planar areas could be easily reformed with 
the appropriate CAD editing tools once the four scanned images 
were superimposed via the CAD application (Figure 3).
The scanned result required the transverse processes, the 
missing walls of the vertebral foramen, the top and bottom faces 
of the vertebral body and the spinous process to be remodeled 
(Figure 4).  
The reconstructed CAD shell was transferred to the Finite 
Element (FE) application via an IGES file and only the cloud of 
keypoints (Figure 5) was chosen to be kept after import.  
Such points were used to reconstruct the vertebra once 
more, this time in the FE application (Figure 6), in order to 
create a 3D solid model of the L3 bone and through the suite 
of modeling tools available a smooth, realistic surface was 
acquired (Figure 7).
Compared to other virtual vertebra models, Figure 7 presents 
a very realistic image.13-15 The bone is not symmetrical and 
changes in the surface gradient are very small, thus presenting 
a smooth finish with no sharp edges.16 This detail can only be 
acquired through RE and is a key factor to obtaining accurate 
results in order to analyse the structure correctly.
Figure 5: Cloud of keypoints
Figure 6: Reconstructing L3 using the FE suite of tools
Figure 7: L3 3D solid model
Material Property Isotropic Cancellous Core23 Anisotropic Cortical Shell21, 22
Young’s Modulus, E (MPa) 14000 X - 467.88
  Y - 196.56
  Z - 134.26
Shear Modulus, G (MPa) 9100 XY - 61.18
  YZ - 71.68
  XZ - 85.54
Poisson’s Ratio v 0.3 XY - 0.381
  YZ - 0.226
  XZ - 0.399
Table 2: Material Properties
Figure 8: Vertebral compressive strengths 
in the standing position24
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The next step of this RE procedure was to analyse the bone’s 
behavior in an in vivo environment.  The model was given its 
respective material properties (Table 2); it was meshed with 
triangular elements and was assumed to follow Hooke’s law 
(strain is directly proportional to stress), since the strains 
developed in the bone are expected to fall in the physiological 
range.17 Since the compressive strengths of the vertebrae (figure 
8), in the standing position, increase as one moves caudad from 
the third cervical bone to the fourth lumbar vertebra, a force of 
2000N was applied to the superior face of the virtual vertebral 
body (the limits of these loads are defined by the axial strength 
of the individual vertebrae).18 This value is typically used in 
lumbar vertebrae computations and was therefore deemed fit 
for the objectives of this study.19, 20
The finite element method (FEM) was employed to deduce 
the structural properties of the two-phase osseous tissue.  The 
deduced results are illustrated in Figure 9.25
The cortical shell was not modeled as anisotropic since the 
data was not available for human bone (researches on human 
samples are still being carried out) and the age and gender 
of the specimen were not available as the material properties 
were deduced from a range of values.  Elastic constants data in 
literature is always found as a range of results.26-29  Most elastic 
constants are usually derived from bovine samples but the ones 
used for this analysis are human.
Discussion & results
In contrast to the cortical shell, the cancellous core has a 
lower elastic modulus giving it better elastic properties.  Because 
of its lattice structure, cancellous bone can tolerate much higher 
stresses than the dense cortical bone.  It is more favorable for 
load-bearing since the transmitted forces are subdivided into 
horizontal and vertical components.  Thus, it is desirable to have 
lower stresses on the outer surface by having most of the load 
being borne by the inner core tissue.  Computed results have 
shown this sought-after effect.  
The anisotropic properties of the material also contribute 
to its load-bearing capabilities and in order to appreciate such 
property of healthy bone, another computation was made on 
the same model, with isotropic material properties (results not 
shown).  The new material properties were as follows; Cortical 
bone EX = 14000MPa, Cancellous bone EX = 160Mpa. 
By comparing both models it was noticed that stresses and 
strain varied significantly, with the same loading conditions. 
The isotropic model was structurally weaker than the anisotropic 
one; undesirable high stresses were seen on the cortical shell. 
This configuration redistributed the forces such that more load 
was borne by the brittle inelastic tissue.  Such a comparison 
can give an idea of how bone architecture can weaken when 
bone diseases distort the architectural configuration tending 
Figure 9:
(b) Strains in cortical bone 
(c) Stresses in cortical bone 
Figure 9: (a) 
(i) Stresses
(ii) Strains in cancellous bone
Figure 10: Transmission of forces
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it to remodel in an isotropic fashion.  Paget’s disease and 
osteoporosis are ideal examples of such disordered remodeling 
sequences, which compromise the load-bearing capabilities of 
the tissue.  
A distorted structural configuration of the vertebral column 
could also compromise the vertebrae load-bearing capabilities. 
If a structurally disordered vertebral column were to be scanned, 
such as in scoliosis or vertebral bone fractures, the RE analysis 
could unveil points of weakness in the structure and help identify 
strategic solutions to redistribute the loading on the vertebrae, 
preventing further deformation, as in the use of Harrington 
rods and bone grafts.1
Professionals could move the surgical apparatus around the 
3D model in a virtual environment and by observing changes 
in the stress and strain distribution the optimum position for 
the contraption could be deduced.  Besides guiding medical 
professionals, this RE technique can be used to better such 
surgical apparatus by modifying their designs and testing them 
virtually before they are manufactured.
In-depth FE analysis of the vertebrae would reveal that not 
all compressive loads subjected to the L3 bone are borne by that 
vertebra.15,19 Ligaments surrounding the vertebrae are designed 
to distribute the lumbar loading. They transfer part of the load 
to the thoracic spine and their prestressed properties allow 
them to maintain a considerable amount of loading in a tensile 
form within its fibres. Furthermore, the facet joints bear 10% 
to 40% of the total load within their synovial fluids due to the 
lumbar vertebra’s facet plane angle of 90o.30 The intervertebral 
discs in the vertebral column also detract excessive compressive 
loads away from the vertebral bodies. They comprise a central 
fluid mass (the nucleus pulposus) encapsulated in a laminated, 
elastic fibrocartilaginous shell (the annulus fibrosus) and 
are prestressed. Their structure converts compressive forces 
transmitted from the vertebrae, into radial forces resisted by the 
annulus fibrosus making them more oblique through stretching, 
as energy is stored in the elastic distortion (Figure 10).
RE is also applied in the design of prosthetic applications.14,31 
Healthy bone systems are scanned, analysed and compared to 
systems comprising artificial limbs or purposely-fused bone in 
order to improve these non-natural designs, further imitating 
their natural biological form. 
In conclusion Reverse Engineering should provide another 
method of analyzing variables related to bone strength and 
function. This method may assist current modes of bone 
assessments possibly quantifying risk for fracture or bone 
malfunction.
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